Chemical signaling plays a major role in shaping life history processes that drive ecology and evolution in marine systems, notably including habitat selection by marine invertebrate larvae that must settle out of the plankton onto the benthos. 1 For larvae, the identification of appropriate habitats in which to settle and undergo metamorphosis to the adult form relies heavily on the recognition of cues indicative of a favorable environment. By documenting settlement responses of larvae of the tropical abalone, Haliotis asinina, to a range of coralline algae species, we recently highlighted the species-specific nature of this interaction. 2 Here, we demonstrate that this specificity is likely driven by chemical, rather than physical, properties of the algae. Our initial characterization of the surface cell biomarkers from three different algal species shows that inductive cue biomolecular composition correlates with variations in larval settlement response.
Chemical signaling plays a major role in shaping life history processes that drive ecology and evolution in marine systems, notably including habitat selection by marine invertebrate larvae that must settle out of the plankton onto the benthos. 1 For larvae, the identification of appropriate habitats in which to settle and undergo metamorphosis to the adult form relies heavily on the recognition of cues indicative of a favorable environment. By documenting settlement responses of larvae of the tropical abalone, Haliotis asinina, to a range of coralline algae species, we recently highlighted the species-specific nature of this interaction. 2 Here, we demonstrate that this specificity is likely driven by chemical, rather than physical, properties of the algae. Our initial characterization of the surface cell biomarkers from three different algal species shows that inductive cue biomolecular composition correlates with variations in larval settlement response.
Studies on several abalone (Gastropoda, Haliotidae) species indicate that larvae can distinguish between different coralline algae species and identify preferred species/sites for settlement. 3, 4 Each abalone species surveyed to date is induced most effectively by a different species of coralline alga. 5 Recently, we have documented the induction response of larvae of the tropical abalone, Haliotis asinina, to a range of coralline algae species collected from Heron Island Reef, Australia (23°27'S; 151°55'E), a natural habitat of adult H. asinina. 2 We found that H. asinina larvae displayed a broad range of responses across the 16 coralline species tested, from 0-100% metamorphosis by 48 hours post induction (hpi). Unlike any abalone species previously studied, the greatest numbers of H. asinina were induced to metamorphose by densely branched articulated corallines of the genus Amphiroa (92.8-100% metamorphosis by 48 hpi) ( Fig. 1 ).
Across the 16 algal species assayed, we observed a strong trend towards increased settlement response associated with increased branching morphology, 2 suggesting that physical cues (e.g., algal morphology and texture), rather than chemical cues, may be the primary factor influencing larval settlement response. To distinguish between these two alternatives we repeated larval settlement assays as described in, 2 this time comparing the response of larvae exposed to three species of coralline algae with different morphologies, presented as either live shards or dead, air dried shards. Coralline species used were the encrusting Hydrolithon onkodes, the branching Lithophyllum moluccense and the articulated Amphiroa ephedraea, previously shown 2 to induce poor, moderate and high levels of settlement, respectively, when presented as live shards. Two-way ANOVA (p-value < 0.05) indicates that larval settlement response at 12 hpi varies significantly between coralline species when the algae are alive, but not when dead and air-dried ( Fig. 2 ). Furthermore, larval settlement overall at 12 hpi was significantly greater on live coralline pieces compared to dead ones. We therefore conclude that the species-specific response shown by H. asinina larvae induced by different coralline species is the result of interactions between the larvae and chemical (not physical) cues provided by the algae.
To date, gamma aminobutyric acid (GABA), delta-aminovaleric acid (5-AVA), L-glutamic acid (GA), monosodium glutamate (MSG), dibromomethane, hydrogen peroxide and aspartic acid all have been found to induce low to moderate levels of larval settlement, metamorphosis, or both, in one or more abalone species, highlighting the complexity of this process. [6] [7] [8] [9] [10] [11] Low molecular weight protein-associated molecules extracted directly from cyanobacteria or coralline algae have also been used successfully to induce settlement and metamorphosis in two abalone species. 12, 13 Although the chemical nature of these molecules remains elusive, they may provide the most ecologically relevant clues for abalone larval induction, as various coralline algae have proven to be the most effective known inducers of metamorphosis among multiple abalone species. We chose to characterize low molecular weight masses (biomarkers) of surface cells isolated from three coralline algae species capable of inducing metamorphosis in Haliotis asinina-a poor, an intermediate and an excellent inducer. Our previous data showed that by 48 hpi, Hydrolithon onkodes induced a mean of 31.3% metamorphosis, while Lithophyllum moluccense induced a mean of 77.6% metamorphosis and Amphiroa ephedraea induced a mean of 95.4% metamorphosis. 2 Surface cell biomarkers were characterized in the three coralline species using C 18 extraction and matrix-assisted laser desorptionionization-time of flight mass spectrometry (MALDI-TOF MS). Mass spectrometry results reveal that each coralline species has its own unique surface cell chemical profile (Table 1) . MALDI-TOF MS has not previously been employed to distinguish between coralline algae species, however it has proven useful in the identification of bacteria, fungi, viruses and dinoflagellates. 14, 15 Our results indicate that it may be possible to employ similar methods for coralline species identification, including for taxonomic purposes. Overall, Amphiroa ephedraea and Lithophyllum moluccense had more similar surface cell biomarker profiles compared to Hydrolithon onkodes (Table 1 ). This is reflective of the phylogenetic relationship of the three species. Molecular studies show that A. ephedraea and L. moluccense belong to the same family, Lithophylloideae, while H. onkodes is a member of the family Mastophoroideae. 16, 17 MALDI-TOF MS analysis returned no significant peak signals in the 1,000-2,000 mass/charge (m/z) range.
Molecules at 690 and 890 daltons (Da) isolated from the coralline alga Lithothamnium californicum induced high levels of metamorphosis in the red abalone, Haliotis rufescens. 12 Similarly, 
Table 1 Surface cell biomarker profiles, as indicated by MALDI-TOF mass spectrometry analysis, of three species of coralline algae capable of inducing Haliotis asinina settlement and metamorphosis
Shaded cells indicate the presence of biomarkers in surface cells of coralline algae species. m/z, massto-charge ratio. Masses are monoisotopic.
600-1,100 Da extracts of the coralline alga Phymatolithon repandum induced metamorphosis in Haliotis virginea. 18 Our mass spectrometry analysis has identified biomarkers between 441 and 928 Da in the corallines Hydrolithon onkodes, Lithophyllum moluccense and Amphiroa ephedraea and it is likely that at least some of these molecules play a role in chemical signaling during the induction of H. asinina metamorphosis. Mass spectrometry analysis of three coralline species reveals that two biomarkersone 620.8 Da and one 741.7 Da-are present in the surface cells of all three species. Overall, A. ephedraea and L. moluccense had more similar profiles, with five mass peaks in common, plus four and two unique peaks respectively. In contrast, H. onkodes has five unique peaks. Interestingly, A. ephedraea and L. moluccense are much more effective inducers of Haliotis asinina metamorphosis 2 than is H. onkodes, and this may be related to the similarities found here in their surface cell biomarker profiles. Isolation of biomolecules playing a primary role in chemical signaling between larvae and algae during settlement and metamorphosis will further our understanding of how this crucial interaction has influenced the ecology and evolution of H. asinina.
C 18 ZipTip Purification of Algal Extracts and MALDI-TOF MS Methods
Five separate plants of each of the three coralline algae species were collected from Heron Island Reef. Within 1 h of collection, ~5 μl surface cells were scraped from each plant/colony using a scalpel. Algal surface cells were resuspended in 100 μl 0.1% trifluoroacetic acid (TFA), mixed by vortexing and rotated on a wheel for 15 min. Inorganic salts in the samples were removed by absorbing 20 μl sample with 0.1% TFA solution onto C 18 ZipTips (Millipore, MA). ZipTips were washed five times with 10 μl 0.1% TFA/5% MeOH. Biomolecules were eluted from zip tips with 10 μl 0.1% TFA/50% acetonitrile (CH 3 CN). 0.5 μl of eluted sample was mixed with 0.5 μl of matrix solution (20 mg/ ml 2,5-dihydrobenzoic acid (DHB) in 30% CH 3 CN/0.1% TFA) and spotted onto a mass spectrometer target plate (Applied Biosystems USA, P/N:V700666). Each of the five biological replicates for each of the three coralline algae species were spotted on to the plate five times, in addition to five replicates of 1 μl matrix solution as a control (80 spots total). After drying at ambient temperature, samples were analyzed by MALDI-TOF MS performed on a Voyager-DE STR Biospectrometry workstation (PerSeptive Biosystems) equipped with a N 2 laser and pulsed ion extraction accessory. The instrument was calibrated using ProteoMass Peptide MALDI-MS calibration standards (Sigma). Final spectra resulted from 500 shots, recorded in the reflectron mode within a mass range from m/z 420 to m/z 1,000 and 1,000 to 2,000 Da.
Data were progressively condensed such that any mass peaks that occurred in less than three of the five technical replicates, and in less than three of the five biological replicates, for each algal species were removed from further analysis. The condensed profile for each algae was subtracted from matrix controls. Finally, algal profiles were compared to each other to establish similarities and differences in surface cell biomarker composition.
